Abstract-A new CMOS current readout structure for the infrared (IR) focal-plane-array (FPA), called the buffered gate modulation input (BGMI) circuit, is proposed in this paper. Using the technique of unbalanced current mirror, the new BGMI circuit can achieve high charge sensitivity with adaptive current gain control and good immunity from threshold-voltage variations. Moreover, the readout dynamic range can be significantly increased by using the threshold-voltage-independent currentmode background suppression technique. To further improve the readout performance, switch current integration techniques, shared-buffer biasing technique, and dynamic charging output stage with the correlated double sampling circuit are also in- 
Abstract-A new CMOS current readout structure for the infrared (IR) focal-plane-array (FPA), called the buffered gate modulation input (BGMI) circuit, is proposed in this paper. Using the technique of unbalanced current mirror, the new BGMI circuit can achieve high charge sensitivity with adaptive current gain control and good immunity from threshold-voltage variations. Moreover, the readout dynamic range can be significantly increased by using the threshold-voltage-independent currentmode background suppression technique. To further improve the readout performance, switch current integration techniques, shared-buffer biasing technique, and dynamic charging output stage with the correlated double sampling circuit are also in-I. INTRODUCTION I N the infrared (IR) imaging systems with the focal-planearray (FPA), there are various design requirements and constraints on readout interface circuits, such as high charge storage capacity, low noise, large dynamic range, low power dissipation, good detector bias control, small array size, and small pixel pitch. As the cell number in the FPA becomes larger, the pixel size and pitch should be scaled down to accommodate more detector cells within a reasonably small array size. However, the small pixel size limits the complexity of the input stage in the readout circuit and the capacitance value of the integration capacitor, which may degrade the readout performance. Thus, many efforts have been devoted to the development of new techniques and circuits to improve readout performance under various design constraints [1] [2] [3] [4] [5] [6] . Among them, both background suppression [1] [2] [3] and adaptive gain control techniques [4] , [5] can significantly improve the effective charge storage capacity, dynamic range, and noise performance.
Generally, the background suppression technique can be realized by using two types of circuits, namely charge-domain background suppression circuit [2] and current-memory based background suppression circuit [3] . The charge-domain circuit integrates both desired signal and background current prior to the background suppression. Thus, it cannot alleviate the problem of storage capacity limit. On the other hand, the current-memory suppression circuit needs complex in-pixel feedthrough reduction circuit and calibration cycle. Thus, it is not suitable for large format FPA applications.
It is well known that the gate modulation input (GMI) circuit [2] , [4] , [5] can yield very low input-referred noise and high charge detection sensitivity due to the adaptive high currentmode gain which is approximately inversely proportional to the square root of the detector output current. But the GMI circuit is susceptible to both voltage bias noise and fixed pattern noise (FPN) due to threshold-voltage variations. This degrades the readout performance of the GMI circuit.
In this paper, a new current readout structure for the IR FPA, called the buffered gate modulation input (BGMI) circuit, is proposed to solve the above mentioned problems and improve the readout performance. Based on the switch current integration (SCI) [6] , [7] readout structure, the BGMI circuit integrates the shared-buffer detector biasing technique [8] with a GMI-like current-gain configuration to form the unit-cell input stage. The current gain is realized by a new unbalanced current mirror configuration. The resultant current gain is immune from process-dependent threshold-voltage variations and inversely proportional to the square root of the detector output current. Thus, adaptive gain control and gain uniformity can be achieved. A current-mode background suppression circuit is also implemented in the off-FPA shared integration capacitor unit to suppress the background current before integration. Moreover, the dynamic charging output stage with the correlated double sampling (CDS) circuit is included to decrease the power dissipation of the output stage and reduce noise. It has been shown from both simulation and experimental results that the proposed BGMI readout circuit can achieve high readout performance in a small pixel size through the use of BGMI technique with adaptive current gain, the off-FPA current-mode background suppression, and the previously proposed switch current integration (SCI) structure.
The circuit structure, readout strategy, and circuit performance of the proposed new BGMI readout structure are described in Section II. In Section III, both simulation results and experimental results of the fabricated BGMI readout chip are presented. Finally, a conclusion is given.
II. CIRCUIT DESIGN
The proposed BGMI readout chip consists of the BGMI circuits in the cell array, the shared integration cells with the current-mode background suppression circuits, one twoto-one switch, and one common dynamic charging output stage with the correlated-double sampling (CDS) circuit. In the following subsections, the GMI stage is reviewed first. Then the circuit design and operation of BGMI circuit, currentmode background suppression circuit, and dynamic charging output stage with the CDS circuit will be described. Finally, the BGMI chip operation will be presented.
A. Review on the Gate Modulation Input (GMI) Stage
In the GMI circuit as shown in Fig. 1 , a source-degenerated current mirror configuration and with the source bias is used to provide a tunable current gain for IR photovoltaic (PV) detectors. The effective injection efficiency (or current gain) which is the current ratio between and [4] , the injection efficiency , and the detector bias of the GMI circuit can be expressed as
PV (3) where ( ) is the transconductance of the input (load) MOSFET ( ) under the input background current, is the detector shunt resistance [9] , PV is the detector N-node bias for N-on-P type PV detectors, is the gate-to-source voltage of under the input background current, and is the external adjustable source node voltage.
For the understanding of physical behavior and design guidelines of the GMI circuit, a simplified -model of longchannel MOS devices in the saturation region is used to further characterize the GMI parameters in (1)-(3) analytically in terms of MOS device parameters. The same derivation method can be applied if more accurate MOS device -model is used. Using the simplified long-channel MOS -model, the detector output current and can be expressed as [10] (4) (5) where is the transconductance parameter of , and is the threshold voltage of . In the p-well CMOS process, the substrate of can be connected to its source. Thus, has no body effect. In the n-well CMOS process, has the body effect which increases . From (3) and (5), the detector bias can be expressed as PV (6) It can be seen from (6) that the detector bias is sensitive to the threshold voltage and variations as well as the possible noise source from . Since the detector shunt resistance is sensitive to the detector bias , the injection efficiency in (2) is also sensitive to threshold voltage variations and variations and noise of . To obtain a stable and high injection efficiency, a larger and a strict control on threshold voltage uniformity as well as noise and stability of are required. Using (4) and (5), and the relation , the output mirrored current can be represented as (7) where is the threshold-voltage mismatch between and . Using (2), (7), and the relation , the current gain in (1) can be rewritten as
As may be seen from (8), the value of the current gain is roughly inversely proportional to the square root of the detector output current in certain range of where and . This means that an adaptively controlled current gain exists in some range of . Moreover, the current gain also depends on . Thus, the current gain can be adjusted by . In the range of where , in (8) can be cancelled. In this range, if is much larger than under good local matching between and , the current-gain variations among cells can be reduced. Thus, strict global matching of the current mirror is not required in this range of . However, this range of is not large enough as will be shown later. Moreover, when realizing the GMI circuit in the n-well CMOS process, has the body effect which makes much larger and the device local match much more difficult.
It can be seen from (8) and (1) that the GMI circuit, like the DI readout, needs a large detector shunt resistance to achieve a high injection efficiency and thus a high current gain. As seen from (6), is sensitive to and threshold voltage variations of due to . Thus, the current gain is also sensitive to of in the case that cannot be cancelled in (8) . Due to this sensitivity, the threshold-voltage variation of causes the current gain to vary from one cell to another. This makes the GMI circuit susceptible to the fixed-pattern noise. Moreover, the GMI circuit is susceptible to the noise from . To obtain a large total dynamic range in the GMI circuit, the current gain should be kept high and uniform. This requires strict requirements on MOSFET threshold-voltage uniformity and extremely low-noise , which are difficult to control. Since is in the range of several hundred millivolts with respect to , and the adjustment range is in the order of several tens of millivolts, both stability and adjustment are very critical.
B. Buffered Gate Modulation Input (BGMI) Stage
In the proposed buffered gate modulation input (BGMI) circuit, the input stage of the share-buffered direct-injection (SBDI) [8] circuit is connected to a GMI-like current-gain configuration as shown in Fig. 2 . Through the SBDI input stage and the current mirror, the output current of the current mirror is sent to the shared integration cell through the row select switch. The effective current gain of the BGMI circuit, the injection efficiency , and of the BGMI circuit are (9) (10) PV (11) where is the gain of the amplifier A, is the common input bias, and is the tranconductance of the device which is designed to have no body effect in the n-well CMOS process. As may be seen from (10), high injection efficiency can be achieved with a smaller as compared to that in the GMI circuit. Furthermore, the detector bias in (11) is independent of the MOS threshold voltage and any source bias voltage. Thus, unlike the GMI circuit, the threshold nonuniformity and the source bias variation have no effect on the detector bias and . The stable detector bias and lead to a stable injection efficiency.
As seen from (9), the current gain is proportional to the transconductance ratio between and . To increase the current gain, should be larger than . To achieve this without any external bias voltage, shorter channel length is used in , whereas narrower channel width is used in . Due to both short-channel and narrowchannel effects [11] and [12] , the threshold voltage of is inherently greater than that of . For example, if the channel widths/lengths of and are 16 m/8 m and 3 m/16 m, respectively, the inherent threshold difference is about 30 mV under 77K operational environment. With , can be expressed similarly to (7) as (12) If good local match between and is achieved, is smaller than . Since can be controlled by choosing the suitable difference of device geometries between and , it is very stable under different operating voltages or currents. Moreover, since the geometry deviations are small and the mating of device parameters is good between and in the advanced CMOS process, the uniformity of among cells is good. Thus, the current gain in the BGMI circuit can be stable without the difficulties in adjusting and stabilizing the external bias voltage and keeping it in low noise.
The transconductance parameter of is designed to be the same as . Using (9) and (12), and the relation in (9) can be rewritten as (13) Since is small and is independent of threshold voltage and bias voltage variations, the current gain of the BGMI circuit is immune to global threshold voltage variations and external bias voltage variations.
As may be seen from (13), for sufficiently large value of , is inversely proportional to in the range of where and . Since these conditions can be more easily satisfied, the range of in the BGMI circuit is larger than that in the GMI circuit. The high, stable, and adaptive front-stage current gain in the BGMI circuit makes the noise contribution of the stages after the current mirror extremely low. It results in a low input referred noise.
In the above analysis of the current gains in both GMI and BGMI circuits, the channel length modulation effect is not considered. This effect degrades the gains and makes them source-drain voltage dependent. But the BGMI circuit has less degradation than the GMI circuit. In the design of both GMI and BGMI circuits, it is suggested that long channel length is used to avoid this effect.
C. The Current-Mode Background Suppression Circuit
In the GMI circuit, the amplified signal current and background current are integrated directly and thus a large amount of charges must be accommodated within an unit cell, implying the requirement of a large integration capacitor. This is a problem in a large IR FPA system. A current-mode background suppression circuit with the SCI structure is proposed to solve this problem. This results in higher dynamic range and better readout performance.
The off-FPA shared integration cell with the proposed current-mode background suppression circuit is shown in Fig. 3 . The switched current from the unit cell is mirrored through a cascode current mirror [13] with the current ratio of 1. The use of cascode current mirror can reduce the effect of input voltage difference across the nonuniform parasitic bus capacitance and increase the current-mirror accuracy during integration. The drain voltage of ( ) is controlled by both cascode device ( ) and voltage to keep the current mirror in the saturation region during integration. For the same reason, the cascode device ( ) and the voltage are used to control the drain voltage of . After the cascode current mirror, the amplified current from the cell is subtracted by a dc tunable background current before integrated on the capacitor . Thus, the currentmode background suppression is achieved. To generate the dc current, the threshold-voltage compensated current source [14] composed of is used. The drain current flowing in device can be expressed as th th (14) where ( ) is the transconductance parameter of the MOS device ( ), th ( th ) is the threshold voltage of ( ), is the biasing current controlled by the device , and is a tunable dc bias. As seen from (14) , this current source can generate a dc current nearly independent of MOS threshold voltages if small biasing current and large transconductance parameter are used. Thus, the pedestal removal of IR FPA readout with good immunity from threshold-voltage nonuniformity can be achieved. Thus, the spatial noise due to nonuniform background suppression can be reduced. The suppression current is adjustable through the voltage . A no-reset-to-zero circuit realized by , , and is used to keep in the saturation region. In the reset phase with , the integration node is reset to instead of zero to maintain the saturation drain voltage of . The reset level is equal to the drain-source voltage drop on , which is dependent upon , and the dimensions of , , and . For V and V, V. If the integration node is reset to zero, is forced to the linear region with reduced current. Thus, it takes some recovery time when the next row is switched in. This leads to the signal integration error.
Although this current-mode background suppression circuit consumes additional power due to the small dc bias current through , it is still acceptable in the case of the SCI readout structure where only one background suppression current source per row is needed. For example, in a 128 128 array readout system, only 128 suppression current sources are needed and they consume less than 4 mW additional power at 50 nA background flux.
In the shared integration cell, the off-FPA shared integration capacitor has no pixel-size limitation. Thus, it can be large to increase the storage capacity. The integrated signal voltage is sampled serially to the common output stage through the P-type source follower as a buffer.
D. The Dynamic Charging Output Stage with CDS
As shown in Fig. 4 , the output stage is composed of correlated-double sampling (CDS) stage and PMOS source follower with the dynamic charging device. All PMOS source followers use the cascode current sources as loads to improve the readout performance. The voltage signal from the shared integration cell is correlated-double-sampled to reduce the 1/ noise of source follower and bus line. In the first sample phase with low, the voltage at the node 1 is , and the node 2 is reset to a dc level about instead of , where is the integrated signal voltage, is the reset level controlled by , and ( ) is the threshold voltage of PMOS device ( ). The reset level at the node 2 is designed to have a dc level offset from for the following PMOS source follower with the dynamic charging structure. This can increase the maximum output swing of the source follower. In the second sample phase with , the integration capacitor is reset to and the voltage at the node 1 becomes . Because the voltage on the capacitor remains the same, the voltage at the node 2 becomes . This realizes the CDS function.
Since the noise of PMOS devices is less than that of NMOS devices, the noise performance can be improved by using the two cascaded PMOS source-followers called the P-P type cascaded SF as shown in Fig. 4 instead of the PMOS source follower cascaded by the NMOS source follower called the P-N type cascaded SF. Moreover, the body effect of NMOS source followers fabricated in the n-well process degrades the maximum output excursion in the P-N type cascaded SF.
In the output stage, the dynamic charging switch is turned on in the reset-to-high phase with low and the output node is precharged to . When is high, the switch is off and the integrated signal is sent to the output through the PMOS source follower. This can overcome the speed bottleneck of the output stage while maintaining low power The transimpedance of the IR readout circuit is (15) where is the integration time, and is the total voltage gain through the readout circuit due to source-follower gains and charge sharing between CDS capacitor and gate capacitance . Thus, is less than 1. But the current gain in the BGMI circuit may be orders of magnitude higher as compared to the DI, BDI, or CTIA [5] readout. This leads to the same high transimpedance. Fig. 5 shows the block diagram of the proposed BGMI readout chip which is composed of cell array with BGMI circuits, shared integration cells with the currentmode background suppression circuit, one two-to-one switch, and one common output stage. There are two rows of share integration cells in this chip. All the odd (even) rows of unit cells are connected through the switch to the upper (lower) row of shared integration cells as shown in Fig. 6 . This design of two-row integration-cells is used to achieve the no-dead-time data readout operation. The circuit operation is explained as follows.
E. The BGMI Chip Operation
The clock timing waveforms of master clock , CDS clock , column start signal, row select -, column select -, 2-to-1 selection clock, and column reset clock are shown in Fig. 7 where all the clock signal have high level of 5 V and low level of 0 V. The readout operation of the BGMI chip is described below. Whenof the first row is high andof the first column is high, the unit-cell input stage of the first row is switched to the upper row of shared integration cells and the first pixel in the first row of unit cells is selected and reset to perform the readout current integration with the integration time indicated in Fig. 7 . After the rowprocessing time , where is the column number and is the pixel processing time, -of the second row is high and the unit cells of the second row are switched to the lower row of integration cells, whereas the first pixel in the second row of unit cells is selected and reset for integration. At the same time, the 2-to-1 select clock is high and the first pixel in the upper row of integration cells is sampled to the output stage. Then the second pixel of the upper row is read out in series. The integration time is controlled by the column number and the reset signal. The integration time is defined as the low level time interval between two column reset signals of as shown in Fig. 7 . The integration capacitor is reset immediately after it is sampled. After all pixels in the upper row of integration cells have been read out, the 2-to-1 select bar is high and the columns of lower row of integration cell are sampled to the common output stage serially. This alternative data sample of odd-even rows can achieve a continuous no-dead-time readout. The integration time is limited to about and defined by the frame rate. When the th row is selected, the row select signal is used to form the end-of-frame signal which indicates the first frame has been read out. Then the second frame is ready to be read out.
III. SIMULATION AND EXPERIMENTAL RESULTS
The simulations are performed at 77K by using the SPICE low-temperature device parameters of 0.8 m double-poly double-metal (DPDM) CMOS process. The simulated adaptive current gains versus the input photo current in both BGMI and GMI circuits are shown in Fig. 8 . As may be seen from Fig. 8 , the gain of BGMI circuit can be changed from 20 to more than 400 for a large range of the background current level from 100 nA to 50 pA. Moreover, the current gain is nearly inversely proportional to the square root of input photo current in the range of small . It is also shown in Fig. 8 that the adaptive gain of GMI is degraded by the limited injection efficiency at low input current level with the detector shunt resistance of 100 k . As the input photo current becomes large, the constant terms of the numerator in the gain of BGMI in (13) become much less significant than the term . It causes the deviation from the 1/2 slope line as shown in Fig. 8 .
The amplified background current level is shown in Fig. 9 where the maximum background suppression current is about 4 A with 100 nA input photo current. The additional power dissipation of 128 128 BGMI readout due to the currentmode background suppression circuit is less than 6 mW with 100 nA background flux. Under the charge capacity consideration, the design of BGMI circuit is optimized at 10 nA background current with 10% signal level and the total current gain is about 40 as shown in Fig. 10 .
Both integration voltage waveforms on the integration capacitor during the integration time s and output waveforms in the common output stage with different input current are simulated and shown in Fig. 11 . In the simulation, the total input currents are 10.2, 10.4, 10.6, 10.8, and 11 nA; the integration capacitance is 2 pF; and the background suppression current is 0.4 A. As may be seen from Fig. 11 , the maximum output excursion can reach 2 V under 5 V power supply, which is due to the proper design by using the P-P type cascade source-followers. The simulation readout speed can reach 1 MHz under 40 mW power dissipation at 40 pF output loading and 5 V supply with 128 128 format. The maximum readout speed can be as high as 2 MHz to fit different system requirements. Since both SBDI and current mirror are used in the BGMI readout circuit, the input referred noise can be reduced effectively as the BDI readout circuit [8] . Under 2 MHz readout speed and 4 pF integration capacitor, the noise charges of the BGMI circuit is estimated as 10 electrons. The total dynamic range can be over 70 dB.
An experimental 128 128 BGMI readout chip has been designed and fabricated by using 0.8 m double-poly doublemetal (DPDM) n-well CMOS technology. The photograph of the experimental readout chip is shown in Fig. 12 . The layout arrangement is based on the previously proposed SCI structure [6] with two rows of shared integration cells. The 2 128 shared integration cells are placed at the top of the chip. The integration capacitor is 2 pF and can be extended to 4 pF by a MOS switch. Thus this chip can handle a wide range of input photo flux from picoamps to hundreds of nanoamps. Some noise shielding techniques for mixedmode IC's such as the separation of the analog and digital power supplies, the different analog and digital ground lines, the independent substrate bias line, and the lowpass filters of input pads have been adopted in the BGMI readout chip design.
The experimental 128 128 BGMI chip is designed to work under 5 V power supply and 77K environment. The chip is packaged properly in a vacuum dewar and tested under cryogenic environment with liquid hydrogen as cooling source. All power supplies and voltage biases are provided from a separate board. The maximum charge capacity can achieve 9. 5 10 electrons by designing a 4 pF integration capacitance. On-chip testing current sources are used to simulate the photocurrents of IR detectors. In Fig. 13 , the waveforms of the output voltage in two frame cycles are measured with 128 end-of-row signals and one end-of-frame signal in each frame cycle. The measured no-dead-time data readout waveforms of during the th row selection period with the end-of-row signal are shown in Fig. 14. Fig. 15 shows the measured nonuniformity of background suppression currents in the fabricated 128 128 BGMI readout chip at 77K with the suppression level 1.5 A. It can be seen from Fig. 15 that the deviation is within 1%. Since the background current to be suppressed is large, the required should be large enough. Large leads to good current uniformity.
The measured waveforms of a single pixel under different integration times from 200 to 1000 s are shown in Fig. 16 . The maximum output swing is 2 V as shown in Fig. 16. Fig. 17 shows the measured versus the integration time from 200 to 1000 s. It is seen from Fig. 17 that the linearity performance of the BGMI readout chip is better than 99%. The measured performance parameters of the fabricated BGMI readout chip are summarized in Table I . The readout speed is 1 MHz and can achieve 2 MHz to fit different system requirements. The transimpedance can be as high as 2. 5 10 with an adaptive current gain 40 at 10 nA background current. The total active chip power dissipation is below 40 mW at 77K.
IV. CONCLUSIONS
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